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Introduction {#sec001}
============

Identification of protection-associated (PA) antigens and/or their epitopes via reverse vaccinology is one of the very first steps for development of vaccines against human pathogens \[[@pone.0226378.ref001]--[@pone.0226378.ref009]\]. To select the most promising vaccine candidate(s) initially requires mapping multiple PA targets, which then can be individually tested for their protective efficacy via animal immunization assays \[[@pone.0226378.ref010]\]. To map numerous PA epitopes, high throughput methods, which would allow PA targets to be specifically recognized by protective serum antibodies on a large scale, are needed.

The high-density peptide microarray is a traditional method for mapping linear epitopes of antibodies developed against protein antigens \[[@pone.0226378.ref011]--[@pone.0226378.ref013]\]. The microarray contains overlapping peptides that cover the entire length of a target protein. However, this relatively straightforward method is not optimal for analyzing repertoires of antibodies developed against intact bacterial pathogens because these microorganisms are represented by an enormously complex mixture of antigens. Generation and application of customized microarrays with peptides that would encompass an entire proteome of a virus or bacterium is highly cost-prohibitive and time-consuming.

An alternative to customized platforms is the random peptide array, where 10^4^ 17-mer random peptide sequences selected by a random number generator are printed on glass slides \[[@pone.0226378.ref014]\]. When a serum sample is applied to the surface of this peptide array, distinct binding patterns of the unique molecular recognition elements associated with pathogen-specific antibodies are generated. The random peptide array is highly reproducible and, hence, allows changes in the antibody repertoires that are characteristic for different sates of a disease to be detected \[[@pone.0226378.ref015], [@pone.0226378.ref016]\]. However, the disadvantage is that densely surface-immobilized ligands can amplify non-specific interactions of low affinity, which reduces the overall capacity of the random peptide array for identifying disease-specific interactions. The other drawback is that the total number of peptides that can be attached to a single 25×75-mm glass is limited. Despite previous studies successfully used 10^4^ random peptides to characterize different immune responses \[[@pone.0226378.ref017]\], the assay with such a low number of ligands can still miss important antibody reactivities.

Phage displayed random peptide library (referred to here as PDRPL) is an inexpensive alternative to the high-density peptide array. The first application of PDRPL demonstrated the feasibility of affinity selection for identifying a peptide mimetic, which represented cognate epitopes of monoclonal antibodies \[[@pone.0226378.ref018]\]. Since then, PDRPL has been extensively applied to characterize specificity of polyclonal sera from cancer or infectious disease patients \[[@pone.0226378.ref019]--[@pone.0226378.ref024]\]. Similar to the random peptide array, PDRPL is also a universal platform, yet with a much higher capacity to represent sequences of a complete proteome of any microorganism. For example, a commercially available Ph.D.-7 library of random heptapeptides (New England Biolabs, USA) has a complexity on the order of 10^9^ independent clones and thus can represent any unique 7-mer peptide sequence (referred to here as 7-mer sequence). According to the product specifications, the phage concentration of the Ph.D.-7 library is 10^13^ phage particles per mL. The latter means that 10 μl of the library used for a biopanning experiment contains 10^11^ phage particles and each 7-mer is thus represented on average by almost 80 times (which is calculated by dividing 10^11^ by 20^7^). In addition to linear epitopes, phage displayed peptides may also represent both linear and conformational epitope mimetics of protein and carbohydrate antigens also known as mimotopes \[[@pone.0226378.ref025]\].

Until a recent advent of Next Generation Sequencing technology (referred to here as NGS), the main disadvantage of traditional PDRPL was the necessity to individually sequence phage clones. The NGS has transformed the phage display into a high throughput method, which, to date, allows the diversity of antibody specificities to be thoroughly examined \[[@pone.0226378.ref026]\]. By using the NGS, hundred thousands of affinity-selected peptide sequences can be obtained in a single sequencing run \[[@pone.0226378.ref027]\]. As a result, the PDRPL coupled with the NGS (referred to here as PDRPL/NGS) has been extensively utilized to analyze repertoires of serum antibodies \[[@pone.0226378.ref028]--[@pone.0226378.ref030]\].

In our recent studies \[[@pone.0226378.ref010], [@pone.0226378.ref031], [@pone.0226378.ref032]\], we successfully applied the PDRPL/NGS to define repertoires of antibodies developed in mice and rabbits that had an active infection with *Borrelia burgdorferi*, the bacterial agent of Lyme disease (LD) \[[@pone.0226378.ref033]--[@pone.0226378.ref041]\]. LD pathogen has the capacity to establish persistent infection in mice, the primary natural mammalian reservoir of *B*. *burgdorferi* in the United States \[[@pone.0226378.ref042]--[@pone.0226378.ref047]\], and human patients \[[@pone.0226378.ref048]--[@pone.0226378.ref053]\], despite very strong anti-*B*. *burgdorferi* antibody responses \[[@pone.0226378.ref054]--[@pone.0226378.ref060]\]. In immunocompetent mouse models, the ability of *B*. *burgdorferi* to successfully evade otherwise potent antibodies is mainly attributed to the highly efficacious VlsE-encoding system, whose genetic removal results in rapid clearance of LD pathogen by host antibodies \[[@pone.0226378.ref054], [@pone.0226378.ref059], [@pone.0226378.ref061]--[@pone.0226378.ref069]\]. In contrast to experimental mouse or any other animal LD models \[[@pone.0226378.ref070]--[@pone.0226378.ref086]\], however, New Zealand White (NZW) rabbits develop a protective antibody-mediated response, which effectively clears *B*. *burgdorferi* within 3--8 weeks, despite the antigenically varying surface protein, VlsE \[[@pone.0226378.ref032], [@pone.0226378.ref087], [@pone.0226378.ref088]\]. Our recent study has examined repertoires of antibodies in sera collected from *B*. *burgdorferi*-infected NZW rabbits at day 14 and 28 postinfection, the time points at which the rabbit antibodies were shown to be non-protective or protective against the LD pathogen in mice, respectively \[[@pone.0226378.ref032]\].

In the present work, we used our previously generated PDRPL/NGS data to improve on the PDRPL/NGS analysis in discriminating between the protective and non-protective anti-*B*. *burgdorferi* sera of NZW rabbits \[[@pone.0226378.ref032]\]. Specifically, in order to extract more information on any qualitative and quantitative alterations in anti-*B*. *burgdorferi* antibody specificities, we have compared two distinct modes of analyses of the PDRPL/NGS data. The whole-unique-sequence-based analysis (referred to here as WUSA) involved 7-mer sequences and compared the number of sequencing reads for each unique peptide between the protective and non-protective sera after the normalization for the total number of all the sequences. In contrast, the alternative motif-based (referred to here as MA) method included identification and comparison of four-amino-acid-long consensus motifs (referred to here as 4-mer motifs), each representing a cluster of related 7-mer sequences that differed by only few amino acids.

Results {#sec002}
=======

Our previous study has demonstrated that by day 28 postinfection, NZW rabbits developed a repertoire of protective antibodies against *B*. *burgdorferi* infection \[[@pone.0226378.ref032]\]. Specifically, it was shown that, when passively transferred to naïve mice, the rabbit antibodies prevented infection by highly immune-evasive *B*. *burgdorferi*. Moreover, in mice with ongoing infection, the rabbit antibodies were able to significantly reduce LD-induced inflammation in joints \[[@pone.0226378.ref032]\], the avascular collagenous tissues to which antibody access is somewhat limited \[[@pone.0226378.ref089]\]. Our follow-up study defined specificities of day-14 (non-protective) and day-28 (protective) rabbit antibodies via the PDRPL/NGS and then directly compared the two repertoires. As a result, specificities of the rabbit protective antibodies and their respective targets were identified \[[@pone.0226378.ref009]\].

In the present study, we have compared two distinct approaches, the WUSA and MA, for the analysis of the PDRPL/NGS data \[[@pone.0226378.ref009]\]. Both approaches directly compared mimotope sequences between the day-14 (non-protective) and day-28 (protective) immune serum samples from 3 NZW rabbits (animals P, Y, and Z). The preimmune sera were pooled from the 3 rabbits prior to their challenge with wild-type *B*. *burgdorferi* B31-A3 strain and served as a background control. To obtain mimotope sequences, 1 pooled preimmune, 3 non-protective, and 3 protective serum samples (referred to here as PI, NP, and PR samples, respectively) were analyzed via commercially available Ph.D.-7 library of random heptapeptides followed by sequencing via Illumina 2500 sequencing platform \[[@pone.0226378.ref009]\]. One PR sample was analyzed in duplicate (samples P28a and P28b). For both methods, 1,000 most abundant 7-mer sequences generated from the PDRPL/NGS analysis of NP (P14, Y14, and Z14), PR (P28a, P28b, Y28, and Z28), and PI samples were selected.

Analyzing the protective and non-protective rabbit serum samples via the MA approach {#sec003}
------------------------------------------------------------------------------------

In the MA approach, we first identified mimotope motifs that represented clusters of 7-mer sequences. Within each cluster, the respective 7-mers differed by few amino acids outside their 4-mer motif. Motifs, in turn, could have conservative amino acid substitutions. To generate 50 4-mer motifs for each sample, a total of 8 mimotope sequence datasets (P14, Y14, Z14, P28a, P28b, Y28, Z28, and PI) were separately processed via MEME software tool (<http://meme-suite.org/tools/meme>) \[[@pone.0226378.ref090]\]. Each dataset consisted of 1,000 7-mers and each motif was derived from at least 3 distinct sequence variants. To make the 7-mer sequences compatible with the MEME tool (the minimum length is 8 letters), the letter X was added to each 7-mer. Prior to running the program, we chose that each motif has the minimum sites of 3 (to unify at least 3 unique sequences) and the width of 4 amino acids. The MEME output exemplified in [Fig 1](#pone.0226378.g001){ref-type="fig"} shows two abundant motifs, QKPL and KIGD, which unified 9 and 46 distinct 7-mer sequences, respectively, for sample Z28. As a result of this *in silico* analysis, we found that some motifs were shared by the 8 datasets. After the redundant motifs were removed, there was a total of 330 distinct motifs for the 8 samples. [S1 Table](#pone.0226378.s001){ref-type="supplementary-material"} provides a complete list of these motifs and the respective numbers of the 7-mer sequences that constituted each motif for each serum sample. After performing the paired two-tailed *t*-test (leaving out one of the two technical replicates for one protective sample), we identified 9 most significant motifs that discriminated between the NP and PR samples (*p*\<0.1). Furthermore, out of these 9 motifs, 4 motifs were most significant (*p*\<0.05) and were derived from a most frequently represented 7-mer for the 4 PR samples, GLLQKPL. [Fig 2A](#pone.0226378.g002){ref-type="fig"} shows the distribution of 10 selected motifs that were most significant for the 8 samples. Since the *t*-test may be not the best statistics to identify discriminating motifs, a different method was also tested. For that, the minimum number of motif variants for the PR samples was compared with the maximum number of motif variants for the NP samples. As a result, we identified a total of 10 motifs, whose minimum numbers for the PR samples were higher than the maximum numbers for the NP samples. Interestinlgy, 7 of these 10 motifs were identical to the most statistically significant motifs identified via the *t*-test ([S1 Table](#pone.0226378.s001){ref-type="supplementary-material"}, Sheet 2).

![Examples of MEME-generated 4-mer motifs unifying the unique 7-mer peptide sequences.](pone.0226378.g001){#pone.0226378.g001}

![Frequency distribution across rabbit serum samples for the discriminating 4-mer motifs (A) and unique 7-mer peptides (B) with the lowest *p-*values according to the *t-*test.](pone.0226378.g002){#pone.0226378.g002}

We then performed Principal Component Analysis (PCA) on the 330 motifs by using the web tool, BETA, which was developed to visualize clustering of multivariate data (<https://biit.cs.ut.ee/clustvis/>) \[[@pone.0226378.ref091]\]. Since the first principle component, which determines the direction of highest variability in the data, captured only 18% of the variability, the plot showed a high degree of data randomness ([Fig 3A](#pone.0226378.g003){ref-type="fig"}). Despite the observed randomness, however, the PCA analysis still separated the 4 PR samples from all the 3 NP and 1 PI samples ([Fig 3A](#pone.0226378.g003){ref-type="fig"}). The heatmap generated by the unsupervised hierarchical clustering via the ClustVis also demonstrated a high degree of variability between the 8 samples ([Fig 3B](#pone.0226378.g003){ref-type="fig"}). However, similar to the PCA plot, the respective heatmap showed that the PI sample was well segregated from the 4 PR samples; and yet neighbored with a cluster of the 3 NP samples ([Fig 3B](#pone.0226378.g003){ref-type="fig"}). Consistently, the duplicate samples, P28a and P28b, were grouped together despite a high degree of variability within each technical replicate ([Fig 3B](#pone.0226378.g003){ref-type="fig"}). Of note, the proximity of PCA values for samples Z14 and Z28 and their respective heatmap patterns suggested that NZW rabbit Z had developed a protective antibody repertoire later compared to animals P and Y. Indeed, in contrast to NZW rabbits P and Y, skin biopsies of animal Z sampled at day 28 postinfection were only weakly culture-positive for *B*. *burgdorferi*, whose very low spirochetal numbers and impaired (slow) motility indicated a relatively late clearance \[[@pone.0226378.ref032]\].

![Principal Component Analysis (PCA) plot (A) and heatmap (B) generated, via the ClustVis, by the motif-based analysis (MA).\
PDRPL/NGS data were produced by biopanning of preimmune (PI), non-protective (P14, Y14, and Z14), and protective (P28a, P28b, Y28, and Z28) rabbit serum samples. Blue lines drawn across the PCA plot (A) separate the 3 groups of serum samples.](pone.0226378.g003){#pone.0226378.g003}

Analyzing the protective and non-protective rabbit serum samples via the WUSA approach {#sec004}
--------------------------------------------------------------------------------------

To compare the discriminating capacity of the MA with that of the more convential WUSA method, the same 8 mimotope sequence datasets (P14, Y14, Z14, P28a, P28b, Y28, Z28, and PI) were analyzed via the WUSA. First, we calculated the number of sequencing reads for each 7-mer sequence, which reflected the relative titers of the respective mimotope-recognizing antibodies (1S Table). Thus, the numbers of sequencing reads were used to directly compare levels of antibodies of distinct specificities within and between the serum samples. Importantly, the numbers of 7-mers for each sample were normalized to have totals of sequencing reads equal across the 8 samples. This normalization was necessary to eliminate any biases that are associated with potential differences in amplification efficiency between the PCR reactions performed prior to multiplexing a phage DNA library.

For each dataset, we selected the top 50 most abundant sequences to match with the number of motifs (n = 50) used for the MA method. After eliminating the redundant sequences, there was a total of 172 distinct 7-mers for the 8 datasets. [S2 Table](#pone.0226378.s002){ref-type="supplementary-material"} lists the unique 7-mer sequences and the respective numbers of their sequencing reads. After performing the paired two-tailed *t*-test, we identified 11 most significant 7-mers that discriminated between the NP and PR samples (*p*\<0.1). [Fig 2B](#pone.0226378.g002){ref-type="fig"} shows the 10 peptide sequences that had the lowest *p*-values. Then, the minimum numbers of sequencing reads for the PR samples were compared with the respective maximum values for the NP samples. Consequenlty, only 3 out of 11 peptides (*α* = 0.1) had the higher numbers of their sequencing reads for the PR samples compared to the NP samples. Out of these 3 peptides, GLLQKPL was most discriminating as it had the highest positive difference in the number of its sequencing reads between the PR and NP samples ([Fig 2B](#pone.0226378.g002){ref-type="fig"}). Consistently, the PCA analysis showed a high degree of data randomness with the first principle component capturing only 21% of the variability. Despite this randomness, the PI, NP, and PR samples were still segregated by the PCA plots ([Fig 4A](#pone.0226378.g004){ref-type="fig"}). Interestingly, the respective heatmap did not discriminate between the PI and NP samples ([Fig 4B](#pone.0226378.g004){ref-type="fig"}). Consistent with the MA method results, the duplicate samples, P28a and P28b, were also clustered together; although this time this overlap was slightly higher ([Fig 4B](#pone.0226378.g004){ref-type="fig"}).

![Principal Component Analysis plot (A) and heatmap (B) generated, via the ClustVis, by the whole-unique-sequence-based analysis (WUSA).\
PDRPL/NGS data were produced by biopanning of preimmune (PI), non-protective (P14, Y14, and Z14), and protective (P28a, P28b, Y28, and Z28) rabbit serum samples. Blue lines drawn across the PCA plot (A) separate the 3 groups of serum samples.](pone.0226378.g004){#pone.0226378.g004}

Improving on the MA and WUSA methods {#sec005}
------------------------------------

The high degree of data randomness shown by both WUSA and MA methods may be due to a high level of noise inherently associated with the PDRPL/NGS. In addition, the observed randomness could indicate that only a small fraction of antibody repertoires of infected NZW rabbits is related to an anti-*B*. *burgdorferi* immune response; whereas the majority of rabbit antibody repertoires may simply reflect the previous exposure to unrelated antigens. To increase the signal to noise ratio, this time we generated the PCA plots and respective heatmaps only for the first 25 motifs and the first 25 7-mer sequences as ranked by the *t*-test. The PCA plots showed that the overall separation between the PR and NP samples were noticeably improved by both WUSA and MA methods ([Fig 5A and 5C](#pone.0226378.g005){ref-type="fig"}). Overall, the heatmap generated via the MA method reflected the immunological status (protective vs. non-protective responses) more accurately than the WUSA-based heatmap ([Fig 5B and 5D](#pone.0226378.g005){ref-type="fig"}). Curiously, the arrangement of the 8 samples from left to right showed the progression of protective immune response against the LD pathogen. Furthermore, sample Z28 from the NZW rabbit that had developed its protective antibodies later than the other animals was placed on the border between the PR and NP samples and was adjacent to sample Z14 derived from the same rabbit ([Fig 5B](#pone.0226378.g005){ref-type="fig"}). The replicates, P28a and P28b, were clustered together and the PI sample was distantly positioned from the 4 PR samples ([Fig 5B](#pone.0226378.g005){ref-type="fig"}). On the contrary, the heatmap generated via the WUSA, placed the PI sample between the PR and NP samples; and yet the technical replicates, P28a and P28b, were consitently grouped together ([Fig 5D](#pone.0226378.g005){ref-type="fig"}).

![ClustVis-generated Principal Component Analysis plots (A and C) and heatmaps (B and D) produced for the first 25 most statistically significant 4-mer motifs (A and B) and unique 7-mer sequences (C and D).\
PDRPL/NGS data were generated by biopanning of preimmune (PI), non-protective (P14, Y14, and Z14), and protective (P28a, P28b, Y28, and Z28) rabbit serum samples.](pone.0226378.g005){#pone.0226378.g005}

Discussion {#sec006}
==========

Reverse vaccinology is a powerful vaccine development approach, which involves initial identification of vaccine targets via genome-based computational analysis \[[@pone.0226378.ref092]\]. In our recent studies, we utilized a subtractive reverse vaccinology to delineate putative surface epitopes of *B*. *burgdorferi* associated with antibody-mediated protection against the LD pathogen \[[@pone.0226378.ref010], [@pone.0226378.ref032], [@pone.0226378.ref093]\]. By using the two LD animal models, protective and non-protective immune sera from C3H mice and NZW rabbits were analyzed via the PDRPL/NGS and compared within each animal species \[[@pone.0226378.ref010], [@pone.0226378.ref093]\]. To further evaluate the utility of the PDRPL/NGS for quantitative analysis of immune responses, in the present study, we conveniently made use of the PDRPL/NGS datasets previously generated from the NZW rabbit model \[[@pone.0226378.ref093]\].

Although the PDRPL/NGS is a very sensitive high throughput method for identifying disease-specific mimotopes recognized by serum antibodies \[[@pone.0226378.ref094]\]; its reproducibility and accuracy are low \[[@pone.0226378.ref030]\] compared to the random peptide array \[[@pone.0226378.ref014], [@pone.0226378.ref015], [@pone.0226378.ref095]\]. There are at least two probable causes for the low reproducibility. First, the binding of low adundant antibodies to their cognate targets is a stochastic process, since, during the first round of selection, these targets are present in very low numbers. Second, there is a loss of relevant sequences over secondary rounds of selection and propagation of phages \[[@pone.0226378.ref030]\]. Importantly, these multiple rounds of selection and amplification are required for making the ratio of a target to its cognate antibody large enough to reach the positive correlation between the number of sequencing reads for a given unique peptide and a titer of its specific antibody. However, because of these required secondary rounds, the phage amplification becomes highly sensitive to fluctuations in the number of bacterial cells successfully infected by competing phage particles. As a result, the numbers of sequencing reads in technical replicates may show a large variation, which in turn reduces the overall accuracy of the quantitative analysis of the PDRPL/NGS data.

To improve the reproducibility of the PDRPL/NGS method, in the present study, we evaluated the feasibility of using 4-mer motifs as potential biomarkers of the protective anti-*B*. *burgdorderi* immune response. Given that most of the binding energy is typically derived from 4--6 amino acids \[[@pone.0226378.ref017]\], the specificity of antigen-antibody interaction is defined by only a few anchor residues within an epitope \[[@pone.0226378.ref029], [@pone.0226378.ref096]--[@pone.0226378.ref098]\]. Previoulsy, we \[[@pone.0226378.ref027]\] and others \[[@pone.0226378.ref034]\] demonstrated that the four-amino-acid consensus is a minimum motif length, which is sufficient to define an antibody specificity. Thus, the high copy number of shorter targets in the initial selection makes the process of target recognition more deterministic. While the unique 7-mer sequence is represented on average by almost 80 copies, the tetramer is represented by a much greater number of copies: 10^11^/20^4^ = 625,000. Moreover, it was previously noted that the size of a peptide family (a total number of sequence-related peptides) sharing a given motif positively correlated with a number of sequencing reads for the most represented sequence of that family and the titer of serum antibodies recognizing that motif \[[@pone.0226378.ref029]\]. Importantly, this positive correlation was experimentally confirmed via ELISA by utilizing immobilized motif-containing peptides \[[@pone.0226378.ref029]\]. Thus, considering the numbers of distinct motif-constituting sequences transforms qualitative peptide differences into a quantitative parameter, which more accurately reflects titers of target-specific antibodies.

The present study showed that, in general, the MA method discriminated between the protective and non-protective serum samples as equally well as the WUSA with a couple of noteworthy differences. First, although the number of the discriminating 7-mer sequences identified by the *t*-test (*α* = 0.1) is a little higher than that of discriminating motifs (11 vs. 9), only 3 out of 11 whole sequence peptides were represented by higher numbers of their respective sequencing reads for the PR samples compared to the NP samples. In contrast, 7 out of 9 motifs well discriminated the PR samples (*p* = 0.024619 by Chi-Square test). Second, the unsupervised hierarchical clustering obtained via the MA method arranged the samples in the order that more accurately reflected the development of the protective anti-*B*. *burgdorferi* immune response compared to the WUSA-based clustering. The observed outcome difference can be attributed to the fact that the MA method is more quantitative and, hence, more disciminating by nature compared to the WUSA approach. For example, when group A and group B sera (3 samples in each group) are compared and each of the 3 samples of group A has only 1 unique 7-mer; and together these 7-mers form a motif, than it is only the motif (rather than the 7-mers) that will disciriminate between the two groups. Also, the MA method tends to level off high fluctuations in numbers of sequencing reads for 7-mer sequences. For example, despite the GLLEKLH peptide was consistently detected and absent in all the PR and NP samples, respectively; the high variance in its sequencing reads prevented this 7-mer from distinguishing between the two serum groups. To contrast, the GLLE motif shared by this and other 7-mers of the 4 PR samples was well discriminating. Therefore, the MA approach allows each of motif-constituting 7-mers to quantitatively contribute to the overall discriminatory power of the respective motif regardless of high variations in its sequencing reads. Given that a total number of a given unique peptide positively correlates with the number of its respective sequencing reads \[[@pone.0226378.ref029]\]; motifs, in general, are likely to more accurately reflect both quantitative and qualitative alterations in antibody repertoires.

Methods {#sec007}
=======

Bacteria and rabbit infection {#sec008}
-----------------------------

In the prior study \[[@pone.0226378.ref032]\], *B*. *burgdorferi* B31-A3 strain \[[@pone.0226378.ref099]\] was utilized to infect New Zealand White (NZW) rabbits. Spirochetes were cultivated in liquid Barbour-Stoenner-Kelly medium supplemented with 6% rabbit serum (Gemini Bio-Products, USA; referred to here as BSK-II) and incubated at 35°C under 2% CO~2~. For our prior study \[[@pone.0226378.ref032]\], a total of 3 female NZW rabbits of 12--14 weeks of age (rabbits P, Y, and Z; 3.0--3.5 kg by weight each) were purchased from Charles River Laboratories (USA). The rabbits were singly housed in an animal BSL-2 facility at Texas A&M University. The animals were daily subjected to visual welfare-related assessment for the entire duration of their stay. In order to obtain preimmune sera, the 3 rabbits were bled via the marginal ear vein after their acclimation. Each animal was then individually inoculated intradermally at six sites along the spine with *B*. *burgdorferi* B31-A3 strain at 10^6^ cells per each inoculation site as described \[[@pone.0226378.ref088]\]. The infection of each animal was verified by culture-positive skin biopsies taken around inoculation sites (3 mm in diameter) at weeks 1, 2, and 3 postinfection. Skin tissues collected at week 4 postinfection were also collected and showed that all the skin biopsies were culture-negative with an exception being NZW rabbit Z, whose skin culture was weakly positive. In addition to very low numbers of spirochetes in the NZW rabbit Z skin culture, spirochetes exhibited no or very little (impaired) motility, which indicated the final stage of spirochetal clearance \[[@pone.0226378.ref032]\]. The blood samples were placed at 4°C until next day. Serum samples were then generated from each blood sample via centrifugation at 5,000 x g for 10 minutes. The serum samples were stored at -80°C. To prevent bacterial and fungal contamination during skin biopsy culture, BSK-II was supplemented with 0.02 mg ml^-1^ phosphomycin, 0.05 mg ml^-1^ rifampicin, and 2.5 mg ml^-1^ amphotericin B. All the cultures were weekly examined for 6 weeks via dark-field microscopy for the presence of viable spirochetes. At week 4 postinfection, the NZW 3 rabbits were humanely sacrificed by applying isoflurane.

Phage display (Ph.D.) library {#sec009}
-----------------------------

Twenty μl of each rabbit serum sample and 10 μl of random peptide library Ph.D.-7 (NEB, MA, USA) were diluted in 200 μl of TRIS Buffered Saline buffer with 0.1% Tween 20 (referred to here as TBST) and 1% bovine serum albumin and incubated at 25°C for 18 hr \[[@pone.0226378.ref029]\]. Antibody-bound phages were isolated by utilizing protein G-agarose beads (Santa Cruz Biotechnology, Inc., TX, USA) to the phage antibody mixture for 1 hr. The bead mixture was transferred to a 96-well MultiScreen-Mesh filter plate (EMD Millipore, MA, USA) with a 20-μm-pore-size nylon mesh at the bottom. To remove unbound phages, vacuum was used to the exterior of the nylon mesh. The beads were washed 4 times with 100 μl of TBST buffer for each well. Antibody-bound phages were eluted with 100 μl of 100 mM Tris-glycine buffer (pH 2.2) and subsequently neutralized by adding 20 μl of 1 M Tris buffer (pH 9.1). The solution was then used for amplification of eluted phages by infecting bacteria per the manufacturer's instructions. Amplified phages were subjected to the next round of biopanning, after which antibody-bound phages were isolated by using protein G-agarose beads. After washing the beads in the 96-well MultiScreen-Mesh filter plate, DNA was isolated by phenol-chloroform extraction and ethanol precipitation. Lastly, 21-nucleotide-long DNA fragments that encoded random peptides were amplified by PCR utilizing the following forward and reverse primers, respectively: `5′-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT CT(INDEX)TGGTACCTTTCTATTCTCACTCT-3′ and 5′-CAAGCAGAAGAGGGCATACGAGCTCTTCCGATCTAACAGTTTCGGCCGAACCTCCACC-3′`. The INDEX of each forward primer was defined by the unique six-nucleotide long sequence. Thus, for each serum, a forward primer with the unique INDEX was used \[[@pone.0226378.ref029]\]. After purification, generated PCR-amplified DNA library was multiplexed and sequenced by 50 single read cycles via Illumina HiSeq 2500 platform at University of Buffalo Genomics and Bioinformatics Core, New York State Center of Excellence Bioinformatics & Life Sciences, Buffalo, New York.

DNA reads analysis {#sec010}
------------------

The sequencing resulted in approximately 1.79 x10^8^ DNA reads. Reads were de-multiplexed based on the unique bar codes. Each read was tagged by the unique INDEX and contained a 21- nucleotide-long sequence, which encoded a given peptide. The 21-nucleotide sequences were extracted between positions 30 and 50 and translated into 7-mers in the first frame. The mean number of peptides that had no stop codon per serum was 5.9 x 10^6^, of which approximately 2.1 x 10^5^ peptides per sample were non-redundant. The numbers of peptides were normalized in order that the total number of peptides to be equal between samples and the first 1,000 most abundant unique peptide sequences were selected for each serum samples. For each serum sample, [S3 Table](#pone.0226378.s003){ref-type="supplementary-material"} shows the first 1,000 unique peptides with the corresponding normalized number of sequencing reads for each unique peptide sequence.

Generating motifs using MEME software {#sec011}
-------------------------------------

One thousand most abundant unique peptide sequences were uploaded to MEME software available online (<http://meme-suite.org/tools/meme>). The parameters of running the algorithm were selected to generate 50 motifs. To make the 7-mer sequences compatible with the MEME tool requirements (the minimum length is 8 letters), the letter X was added to each 7-mer. Prior to running the program, we chose that each motif has the minimum sites of 3 (to unify at least 3 unique sequences) and the width of 4 amino acids exactly.

Declarations {#sec012}
============

Ethics approval and consent to participate {#sec013}
------------------------------------------

NZW rabbits were maintained at Texas A&M University in an animal facility accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International. All the experimental practices, which involved animals, had been approved by the Institutional Animal Care and Use Committee of Texas A&M University (IACUC 2017--0390) and were carried out in accordance with Public Health Service Policy on Humane Care and Use of Laboratory Animals (2002), Guide for the Care and Use of Agricultural Animals in Research and Teaching (2010), and Guide for the Care and Use of Laboratory Animals (2011).

Supporting information {#sec014}
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###### 

**Sheet 1.** Frequency distribution for the discriminating 4-mer motifs with *p*-values calculated by the *t*-test to distinguish between the non-protective (P14, Y14, and Z14) and protective (P28, Y28, and Z28) rabbit serum samples. **Sheet 2.** Frequency distribution for the discriminating 4-mer motifs that were ranked by the difference between the minimum values of the protective serum samples (P28, Y28, and Z28) and the maximum values of the non-protective serum samples (P14, Y14, and Z14). Highlighted in yellow are statistically significant motifs.

(XLSX)

###### 

Click here for additional data file.

###### 

**Sheet 1**. Frequency distribution for the discriminating unique 7-mer sequences with *p*-values calculated via the *t*-test to distinguish between the non-protective (P14, Y14, and Z14) and protective (P28, Y28, and Z28) rabbit serum samples. **Sheet 2.** Frequency distribution for the discriminating unique 7-mer sequences that were ranked by the difference between the minimum values of the protective serum samples (P28, Y28, and Z28) and the maximum values of the non-protective serum samples (P14, Y14, and Z14).

(XLSX)

###### 

Click here for additional data file.

###### The first one thousand of the most abundant 7-mer peptides with the respective numbers of their sequencing reads for each rabbit serum sample.

PI denotes pooled preimmune serum sample. P14, Y14, and Z14 are non-protective serum samples. P281, P28b, Y28, and Z28 are protective serum samples. P28a and P28b are technical replicates.

(XLSX)

###### 

Click here for additional data file.
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Dear Dr Ionov,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

All three reviewers identified technical issues and inaccuracies in the text that need to be addressed and attended to as part of the revision.

We would appreciate receiving your revised manuscript by Nov 04 2019 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Nicholas J Mantis

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: <http://journals.plos.org/plosone/s/supporting-information>.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

Reviewer \#3: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: No

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This manuscript by Ionov and Rogovskyy uses a phage display system, coupled with Next Generation sequencing, to identify epitopes or mimotopes of polyclonal serum antibodies against the spirochete Borrelia burgdorferi. They obtain sequencing counts of full-length peptides, or motifs found within them, and compare the results between protective and non-protective serum of New Zealand rabbits. They determine that both methods (full length and motif) provide discriminating power between protective and non-protective serum, but that the motif-based method has some advantages, which they discuss. While the manuscript is interesting and could provide new methods of Lyme diagnosis and/or post vaccine protection determination, there are several issues that should be addressed before acceptance.

Major Issues

1\) The math in the paragraph between lines 91 and 107 should be checked, and also described in more detail. In some cases the math appears wrong, and in other cases it's unclear where a particular number comes from. For example:

a\. On line 95, it states that in 10 uL of library, each 7-mer is represented by 10\^11 phages, and is thus represented 70 times. This is likely supposed to say that in 10 uL there are 10\^11 phages, and since there are 20\^7 (not 7\^20 as stated) possible 7-mers, that averages to \~78 of each 7-mer in the sample. The authors may also want to state that the library documentation states that the phage concentration is 10\^13 phages per mL, which is where the 10\^11 phages in 10 uL number comes from.

b\. The next sentence makes a point that there are 6.4x10\^7 possible 6-mer sequences, and thus the library is big enough to represent them all. But the previous sentence has already stated that the library is big enough to not only contain all possible 7-mer sequences, but to do so \~80 times each.

c\. On line 102, where does the "2" in "2x10\^11" come from? Previously it was established that the 10 uL sample of library contains 10\^11 phages, not 2x10\^11.

d\. Please also explain where the rest of the numbers in this paragraph (32,000, 4x10\^11, 1.6x10\^5) come from, or how they are calculated.

2\) On lines 137-140, it states that you are identifying motifs of 4 amino acids, and clustering peptides that contain that motif that differ by "only few" amino acids. How can the 4-mer motif still be considered intact if a "few" amino acids are different? Is this instead referring to the other 3 amino acids in the 7-mer peptide that aren't part of the motif? Either way, please clarify.

3\) On line 198, Figure 1 is referenced, and the text says that it shows the most abundant motif for sample Z28. Figure 1 shows the motif QKPL, but in Supplementary Table 2, the most abundant motif for sample Z28 appears to be KIGD. QKPL is not even the most abundant motif in sample Z28 among the motifs deemed to be statistically significant.

4\) I'm not a statistician, but I think there are a few issues with the way the statistics were performed on the sample sets. First, on line 205 it says that significance testing was done between the "three non-protective and four protective sera." Indeed, looking at the provided supplemental tables in Excel, that is how the calculation was done. However, there were not four independent protective sera, only three. One of the protective serum samples, P28, was analyzed in duplicate. I don't believe you can use BOTH of those data sets that came out of the P28 sample together in the t-test calculation, because they are not independent data sets. Second, it states on lines 203-204 that a "two sample two tailed t-test (assuming unequal variances)" was used. However, since these sets consist of serum samples that were taken from the same set of three animals at two different time points, shouldn't the test have been a paired t-test? P14 and P28 are paired, as are Y14/Y28 and Z14/Z28. And finally, why was p\<0.1 chosen as the cutoff for significance, when generally p\<0.05 is used? Again, I don't have a strong statistical background, so please do explain if I'm wrong about these issues.

5\) On lines 233-238, there seems to be a contradiction. It first states that you identified 13 distinct 7-mers that could discriminate between protective and non-protective serum, and you note that these 13 are identified by having p\<0.1 (not 0.01), meaning that they are significant. But it then says that out of these 13 peptides, only GLLQKPL was significantly different between protective and non-protective serum.

6\) Please explain Figures 3 and 4 in clearer terms. In the text, the only thing it says about Figures 3A and 4A is that a tool was used to separate the eight sera samples by principal component analysis. However, it does not explain what the two principal components are, or what the graph axes mean (what are the percentages?). Similarly, Figures 3B and 4B don't really explain how to interpret them. For instance, in both heat maps the duplicate samples (P28a and P28b) do not match very well, with red and blue colors not matching up at all. I would think that these samples should look almost identical, right? It also says that the preimmune serum is well segregated from the other samples, but it doesn't look to me any more different from the other samples than P28a looks from P28b.

Minor Issues

1\) Comparing lines 128-129 with lines 165-166, you have two different things that are abbreviated as "PI" (post-infection and preimmune). One is labeled as lower case pi, while the other is uppercase PI, but I do think the letters should be different between the two abbreviations as well.

2\) On line 165, one of the day-14 samples is listed as Z28, instead of Z14.

3\) On line 235, p\<0.01 should be p\<0.1.

4\) In the methods on line 321, it says that skin tissues that were collected at week 4 post infection show all culture-negative biopsies, but earlier, on line 221, it states that the day 28 skin biopsy of animal Z was still culture-positive.

5\) The Ethics paragraph starting on line 383 is largely identical to the paragraph starting on line 404.

Reviewer \#2: This manuscript describes the use of two methods employing phage displayed random peptide libraries coupled to Next Gen Sequencing (PDRPL/NGS) to examine antibody target epitopes in the context of Borrelia burgdorferi (Bb) infection. The authors use motif-based and unique sequence-based analyses of phage display library datasets to map the protective and non-protective antibody target epitopes in rabbits infected with Bb.

1\. The study is based on the premise that New Zealand rabbits can clear the Bb infection solely because of their protective antibodies (as opposed to humans). However, not enough evidence is provided to directly support this premise. For example, is it clear that the rabbit antibodies against the identified epitopes are more protective than human antibodies against Bb?

2\. The manuscript does not seem to link the identified epitopes to any parent proteins in borrelia. This would be important and helpful information to include and discuss.

3\. The introduction discusses the advantages of PDRPL/NGS, but doesn't really mention the potential disadvantages and biases of the PDRPL/NGS approach in epitope mapping.

4\. The are some inaccurate statements concerning Lyme disease in the manuscript. For example, that "LD human patients, who have not been timely treated with antimicrobials \[46-51\], remain infected with the spirochete for life despite very strong anti-B. burgdorferi antibody responses". In fact, the majority of Lyme patients' infection resolves spontaneously even without antibiotics (refer to papers from A. Steere and others from the 80s and 90s). The paper can benefit greatly from further careful review to make sure the text is accurate and well-referenced with regard to statements about Lyme disease.

5\. The manuscript can also benefit from further editing for typos, grammar, and structure. There are many long and convoluted sentences that seriously reduce the readability of the paper.

Reviewer \#3: The submitted manuscript \"Comparison of motif-based and unique sequence-based analyses of phage display library datasets generated by biopanning of anti-Borrelia burgdorferi immune sera\" is very interesting both from the theoretical and practical point of view. I recommend proceeding with publication process after minor revision.

There is an only minor correction which should be addressed

Minor revisions, recommendations

Line 75: protective epitopes -- authors should stick to protection-associated epitopes. Protective epitope should be isolated and proved in vivo.

Line 154-155: Short notice describing both approaches in a few words should be included. There is mention about "the first approach" the second one follows much later but the text in between concerns both of them.

Line 400: TBST is Tris-buffered with a tween. TBST is well-known abbreviations; moreover, it is explained in Material and Methods. There is no need to include it into the list.

The discussion should be rephrased more extensively

In discussion data obtained should be compared to other publications. It is not a summary of the results. There are some ideas what might be discussed or authors can find better topics:

The methods used can be compared to other available data or previously published methods. The strengths and weaknesses might be described. This would also be a good place to try to find out the identity of protein containing the epitope GLLQkpl if possible and to describe properties essential for "protectiveness" -- physiological function, expression pattern, accessibility for antibodies and so on. Or it would be possible to highlight other epitopes revealed by analysis even with lower significance especially when they might be mapped to known surface proteins.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Author response to Decision Letter 0

11 Oct 2019

Response to the reviewers

PONE-D-19-21468
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PLOS ONE

Dear Nicholas J Mantis,

First we want express our gratitude to the very helpful criticism and commentaries of the reviewers that enabled us to essentially improve our manuscript. Below are our responses indicated in bold to each point raised by the three reviewers.

Please do not hesitate to contact me directly, if any more questions arise.

Sincerely,

Yurij Ionov, PhD

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information:<http://journals.plos.org/plosone/s/supporting-information>.

The captions for the Supporting Information files have been included at the end of the manuscript and the citations have been updated.

Responses to Reviewer \#1:

This manuscript by Ionov and Rogovskyy uses a phage display system, coupled with Next Generation sequencing, to identify epitopes or mimotopes of polyclonal serum antibodies against the spirochete Borrelia burgdorferi. They obtain sequencing counts of full-length peptides, or motifs found within them, and compare the results between protective and non-protective serum of New Zealand rabbits. They determine that both methods (full length and motif) provide discriminating power between protective and non-protective serum, but that the motif-based method has some advantages, which they discuss. While the manuscript is interesting and could provide new methods of Lyme diagnosis and/or post vaccine protection determination, there are several issues that should be addressed before acceptance.

Major Issues

1\) The math in the paragraph between lines 91 and 107 should be checked, and also described in more detail. In some cases the math appears wrong, and in other cases it's unclear where a particular number comes from. For example:

a\. On line 95, it states that in 10 uL of library, each 7-mer is represented by 10\^11 phages, and is thus represented 70 times. This is likely supposed to say that in 10 uL there are 10\^11 phages, and since there are 20\^7 (not 7\^20 as stated) possible 7-mers, that averages to \~78 of each 7-mer in the sample. The authors may also want to state that the library documentation states that the phage concentration is 10\^13 phages per mL, which is where the 10\^11 phages in 10 uL number comes from.

The math in the indicated part of the text was corrected and described in more details to clarify the undertaken calculations.

b\. The next sentence makes a point that there are 6.4x10\^7 possible 6-mer sequences, and thus the library is big enough to represent them all. But the previous sentence has already stated that the library is big enough to not only contain all possible 7-mer sequences, but to do so \~80 times each.

The text was corrected to eliminate the possible redundancies.

c\. On line 102, where does the "2" in "2x10\^11" come from? Previously it was established that the 10 uL sample of library contains 10\^11 phages, not 2x10\^11.

The "2" comes from the fact that each 7-mer contains two distinct 6-mers starting from the first and the second position of the 7-mer.

d\. Please also explain where the rest of the numbers in this paragraph (32,000, 4x10\^11, 1.6x10\^5) come from, or how they are calculated

All calculations were corrected and explained in the revised text..

2\) On lines 137-140, it states that you are identifying motifs of 4 amino acids, and clustering peptides that contain that motif that differ by "only few" amino acids. How can the 4-mer motif still be considered intact if a "few" amino acids are different? Is this instead referring to the other 3 amino acids in the 7-mer peptide that aren't part of the motif? Either way, please clarify.

We included the clarification in the text why we used the phrase "few amino acids" but not exactly the 3 amino acids. This is because each letter in the motif can be the combination of distinct letters as can be seen in the Figure1. The numbers for the motifs were generated by MEME software and not by our counting of particular tetramers in all samples.

3\) On line 198, Figure 1 is referenced, and the text says that it shows the most abundant motif for sample Z28. Figure 1 shows the motif QKPL, but in Supplementary Table 2, the most abundant motif for sample Z28 appears to be KIGD. QKPL is not even the most abundant motif in sample Z28 among the motifs deemed to be statistically significant.

We corrected this error in the revised text.

4\) I'm not a statistician, but I think there are a few issues with the way the statistics were performed on the sample sets. First, on line 205 it says that significance testing was done between the "three non-protective and four protective sera." Indeed, looking at the provided supplemental tables in Excel, that is how the calculation was done. However, there were not four independent protective sera, only three. One of the protective serum samples, P28, was analyzed in duplicate. I don't believe you can use BOTH of those data sets that came out of the P28 sample together in the t-test calculation, because they are not independent data sets. Second, it states on lines 203-204 that a "two sample two tailed t-test (assuming unequal variances)" was used. However, since these sets consist of serum samples that were taken from the same set of three animals at two different time points, shouldn't the test have been a paired t-test? P14 and P28 are paired, as are Y14/Y28 and Z14/Z28. And finally, why was p\<0.1 chosen as the cutoff for significance, when generally p\<0.05 is used? Again, I don't have a strong statistical background, so please do explain if I'm wrong about these issues.

Although the reviewer modestly claims that he is not an expert in statistics his comments were quite enlightening for us. We corrected our calculations and used statistics according to his recommendations. For example we used paired t-test instead oftwo-tailed t-test with unequal variances, and we removed one replica from duplicate protective sample to recalculate the p-values. Although p\< 0.05 is generally used the significance level P\<0.1 is also acceptable. From Google: "The significance level is denoted by α and is the probability of rejecting the null hypothesis, if it is true. Typical values for α are 0.01, 0.05 and 0.1. It is a value that we select based on the certainty we need."

5\) On lines 233-238, there seems to be a contradiction. It first states that you identified 13 distinct 7-mers that could discriminate between protective and non-protective serum, and you note that these 13 are identified by having p\<0.1 (not 0.01), meaning that they are significant. But it then says that out of these 13 peptides, only GLLQKPL was significantly different between protective and non-protective serum.

We corrected this contradiction in the text that was the consequence of the poor wording. We really had in mind that this peptide was visually distinct between the protective and non-protective sera on the figure.

6\) Please explain Figures 3 and 4 in clearer terms. In the text, the only thing it says about Figures 3A and 4A is that a tool was used to separate the eight sera samples by principal component analysis. However, it does not explain what the two principal components are, or what the graph axes mean (what are the percentages?). Similarly, Figures 3B and 4B don't really explain how to interpret them. For instance, in both heat maps the duplicate samples (P28a and P28b) do not match very well, with red and blue colors not matching up at all. I would think that these samples should look almost identical, right? It also says that the preimmune serum is well segregated from the other samples, but it doesn't look to me any more different from the other samples than P28a looks from P28b.

We provided better explanations of the graphs and plots in the revised text. Poor matching of the blue and red is caused by inherent high noise of the method, however, despite the high noise the math clusters the samples correctly in the motif based approach.

Minor Issues

1\) Comparing lines 128-129 with lines 165-166, you have two different things that are abbreviated as "PI" (post-infection and preimmune). One is labeled as lower case pi, while the other is uppercase PI, but I do think the letters should be different between the two abbreviations as well.

We removed "pi" as abbreviation for "postinfection" for the better clarity.

2\) On line 165, one of the day-14 samples is listed as Z28, instead of Z14.

This has been corrected. Thank you for catching it.

3\) On line 235, p\<0.01 should be p\<0.1.

We corrected the p values accordingly.

4\) In the methods on line 321, it says that skin tissues that were collected at week 4 post infection show all culture-negative biopsies, but earlier, on line 221, it states that the day 28 skin biopsy of animal Z was still culture-positive.

Thank you for pointing this out. This has been corrected and clarified accordingly. Please see the text.

5\) The Ethics paragraph starting on line 383 is largely identical to the paragraph starting on line 404.

The Ethics paragraph starting on line 383 was removed. Thank you for pointing this out.

Reviewer \#2:

This manuscript describes the use of two methods employing phage displayed random peptide libraries coupled to Next Gen Sequencing (PDRPL/NGS) to examine antibody target epitopes in the context of Borrelia burgdorferi (Bb) infection. The authors use motif-based and unique sequence-based analyses of phage display library datasets to map the protective and non-protective antibody target epitopes in rabbits infected with Bb.

1\. The study is based on the premise that New Zealand rabbits can clear the Bb infection solely because of their protective antibodies (as opposed to humans). However, not enough evidence is provided to directly support this premise. For example, is it clear that the rabbit antibodies against the identified epitopes are more protective than human antibodies against Bb?

We agree with the reviewer and now we are contrasting the ability of NZW rabbit immune sera (not human sera) to prevent B. burgdorferi infection to anti-Borrelia mouse sera. Please see the respective change in the text.

2\. The manuscript does not seem to link the identified epitopes to any parent proteins in borrelia. This would be important and helpful information to include and discuss.

We fully agree with the reviewer that it is a logical next step of the work. However, given 1) that the focus of this manuscript is solely to compare the two methods in identifying discriminatory epitopes between the protective and non-protective sera; 2) that we used only limited number of peptides (n=1,000) rather than the all available peptides for this comparative analysis; 3) that mapping of identified epitopes/motifs is an extensive analysis in itself (due to the fact that mapping has to be performed to the entire proteome of B. burgdorferi); and 4) that we plan to do this mapping study by using the methods described in this work and utilizing the full data sets for the next manuscript; we would like to refrain from discussing this aspect in the current manuscript.

In addition it is known that only about 10% of all antibodies recognize the linear epitopes that can be identified by sequence alignment. The majority of antibodies are against conformational epitopes or even against carbohydrate structures on the surface of cells and such identification is simply impossible. The identified peptides represent the mimotopes and if they are protective they can be used for vaccination without knowledge of their real target.

3\. The introduction discusses the advantages of PDRPL/NGS, but doesn't really mention the potential disadvantages and biases of the PDRPL/NGS approach in epitope mapping.

We expanded our discussion and included the comparing with the alternative method.

4\. There are some inaccurate statements concerning Lyme disease in the manuscript. For example, that "LD human patients, who have not been timely treated with antimicrobials \[46-51\], remain infected with the spirochete for life despite very strong anti-B. burgdorferi antibody responses". In fact, the majority of Lyme patients' infection resolves spontaneously even without antibiotics (refer to papers from A. Steere and others from the 80s and 90s). The paper can benefit greatly from further careful review to make sure the text is accurate and well-referenced with regard to statements about Lyme disease.

Although there is some evidence that B. burgdorferi can still persist in humans with Lyme disease symptoms despite antibiotic treatment (e.g., Middelveen MJ, Sapi E, Burke J, Filush KR, Franco A, Fesler MC, Stricker RB: Persistent Borrelia Infection in Patients with Ongoing Symptoms of Lyme Disease. Healthcare (Basel) 2018, 6(2)), we still see with the reviewer argument and hence rephrased the respective statement in order to avoid this highly controversial topic among the readers.

5\. The manuscript can also benefit from further editing for typos, grammar, and structure. There are many long and convoluted sentences that seriously reduce the readability of the paper.

We are sorry to hear that. Accordingly we worked on improving the readability of this manuscript.

Reviewer \#3:

The submitted manuscript \"Comparison of motif-based and unique sequence-based analyses of phage display library datasets generated by biopanning of anti-Borrelia burgdorferi immune sera\" is very interesting both from the theoretical and practical point of view. I recommend proceeding with publication process after minor revision.

There is an only minor correction which should be addressed

Minor revisions, recommendations

Line 75: protective epitopes -- authors should stick to protection-associated epitopes. Protective epitope should be isolated and proved in vivo.

This has been corrected. Thank you for pointing this out.

Line 154-155: Short notice describing both approaches in a few words should be included. There is mention about "the first approach" the second one follows much later but the text in between concerns both of them.

We corrected the text according to this recommendation.

Line 400: TBST is Tris-buffered with a tween. TBST is well-known abbreviations; moreover, it is explained in Material and Methods. There is no need to include it into the list.

Per your request, the abbreviation "TBST" was removed from the list.

The discussion should be rephrased more extensively

In discussion data obtained should be compared to other publications. It is not a summary of the results. There are some ideas what might be discussed or authors can find better topics: The methods used can be compared to other available data or previously published methods. The strengths and weaknesses might be described.

We corrected the revised text according to this recommendation

This would also be a good place to try to find out the identity of protein containing the epitope GLLQkpl if possible and to describe properties essential for "protectiveness" -- physiological function, expression pattern, accessibility for antibodies and so on. Or it would be possible to highlight other epitopes revealed by analysis even with lower significance especially when they might be mapped to known surface proteins.

We fully agree with the reviewer that it is a logical next step of the work. However, given 1) that the focus of this manuscript is solely to compare the two methods in identifying discriminatory epitopes between the protective and non-protective sera; 2) that we used only limited number of peptides (n=1,000) rather than the all available peptides for this comparative analysis; 3) that mapping of identified epitopes/motifs is an extensive analysis in itself (due to the fact that mapping has to be performed to the entire proteome of B. burgdorferi); and 4) that we plan to do this mapping study by using the methods described in this work and utilizing the full data sets for the next manuscript; we would like to refrain from discussing this aspect in the current manuscript. Besides, the epitope GLLQKPL may be the mimotope of the conformational epitope consisting of amino acids brought together on the surface of a protein by the pattern of protein folding
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Dear Dr Ionov,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

As you requested in an email to me,  I am returning the manuscript to you for revisions to the Supplemental Tables before resubmission.

We would appreciate receiving your revised manuscript by Nov 30 2019 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Nicholas J Mantis

Academic Editor

PLOS ONE
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While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Dear Nicholas J Mantis,

First we want express our gratitude to the very helpful criticism and commentaries of the reviewers that enabled us to essentially improve our manuscript. Below are our responses indicated in bold to each point raised by the three reviewers.

Please do not hesitate to contact me directly, if any more questions arise.

Sincerely,

Yurij Ionov, PhD

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information:<http://journals.plos.org/plosone/s/supporting-information>.

The captions for the Supporting Information files have been included at the end of the manuscript and the citations have been updated.

 

Responses to Reviewer \#1:

This manuscript by Ionov and Rogovskyy uses a phage display system, coupled with Next Generation sequencing, to identify epitopes or mimotopes of polyclonal serum antibodies against the spirochete Borrelia burgdorferi. They obtain sequencing counts of full-length peptides, or motifs found within them, and compare the results between protective and non-protective serum of New Zealand rabbits. They determine that both methods (full length and motif) provide discriminating power between protective and non-protective serum, but that the motif-based method has some advantages, which they discuss. While the manuscript is interesting and could provide new methods of Lyme diagnosis and/or post vaccine protection determination, there are several issues that should be addressed before acceptance.

Major Issues

1\) The math in the paragraph between lines 91 and 107 should be checked, and also described in more detail. In some cases the math appears wrong, and in other cases it's unclear where a particular number comes from. For example:

a\. On line 95, it states that in 10 uL of library, each 7-mer is represented by 10\^11 phages, and is thus represented 70 times. This is likely supposed to say that in 10 uL there are 10\^11 phages, and since there are 20\^7 (not 7\^20 as stated) possible 7-mers, that averages to \~78 of each 7-mer in the sample. The authors may also want to state that the library documentation states that the phage concentration is 10\^13 phages per mL, which is where the 10\^11 phages in 10 uL number comes from.

The math in the indicated part of the text was corrected and described in more details to clarify the undertaken calculations.

b\. The next sentence makes a point that there are 6.4x10\^7 possible 6-mer sequences, and thus the library is big enough to represent them all. But the previous sentence has already stated that the library is big enough to not only contain all possible 7-mer sequences, but to do so \~80 times each.

The text was corrected to eliminate the possible redundancies.

c\. On line 102, where does the "2" in "2x10\^11" come from? Previously it was established that the 10 uL sample of library contains 10\^11 phages, not 2x10\^11.

The "2" comes from the fact that each 7-mer contains two distinct 6-mers starting from the first and the second position of the 7-mer.

d\. Please also explain where the rest of the numbers in this paragraph (32,000, 4x10\^11, 1.6x10\^5) come from, or how they are calculated

All calculations were corrected and explained in the revised text.

2\) On lines 137-140, it states that you are identifying motifs of 4 amino acids, and clustering peptides that contain that motif that differ by "only few" amino acids. How can the 4-mer motif still be considered intact if a "few" amino acids are different? Is this instead referring to the other 3 amino acids in the 7-mer peptide that aren't part of the motif? Either way, please clarify.

We included the clarification in the text why we used the phrase "few amino acids" and not exactly the 3 amino acids. Each letter in the motif can be a combination of distinct letters as can be seen in Figure1. The numbers for the motifs were automatically generated by MEME software.

3\) On line 198, Figure 1 is referenced, and the text says that it shows the most abundant motif for sample Z28. Figure 1 shows the motif QKPL, but in Supplementary Table 2, the most abundant motif for sample Z28 appears to be KIGD. QKPL is not even the most abundant motif in sample Z28 among the motifs deemed to be statistically significant.

We corrected this error in the revised text.

4\) I'm not a statistician, but I think there are a few issues with the way the statistics were performed on the sample sets. First, on line 205 it says that significance testing was done between the "three non-protective and four protective sera." Indeed, looking at the provided supplemental tables in Excel, that is how the calculation was done. However, there were not four independent protective sera, only three. One of the protective serum samples, P28, was analyzed in duplicate. I don't believe you can use BOTH of those data sets that came out of the P28 sample together in the t-test calculation, because they are not independent data sets. Second, it states on lines 203-204 that a "two sample two tailed t-test (assuming unequal variances)" was used. However, since these sets consist of serum samples that were taken from the same set of three animals at two different time points, shouldn't the test have been a paired t-test? P14 and P28 are paired, as are Y14/Y28 and Z14/Z28. And finally, why was p\<0.1 chosen as the cutoff for significance, when generally p\<0.05 is used? Again, I don't have a strong statistical background, so please do explain if I'm wrong about these issues.

Although the reviewer modestly claims that he is not an expert in statistics his comments were quite enlightening for us. We corrected our calculations and used statistics according to his recommendations. For example, we used the paired t-test instead of the two-tailed t-test with unequal variances, and we removed one replicated sample of the protective sample to recalculate the p-values. Although p\< 0.05 is generally used the significance level p\<0.1 is also acceptable.

5\) On lines 233-238, there seems to be a contradiction. It first states that you identified 13 distinct 7-mers that could discriminate between protective and non-protective serum, and you note that these 13 are identified by having p\<0.1 (not 0.01), meaning that they are significant. But it then says that out of these 13 peptides, only GLLQKPL was significantly different between protective and non-protective serum.

We corrected this. What we had in mind that is this peptide was visually distinct between the protective and non-protective sera on the figure.

6\) Please explain Figures 3 and 4 in clearer terms. In the text, the only thing it says about Figures 3A and 4A is that a tool was used to separate the eight sera samples by principal component analysis. However, it does not explain what the two principal components are, or what the graph axes mean (what are the percentages?). Similarly, Figures 3B and 4B don't really explain how to interpret them. For instance, in both heat maps the duplicate samples (P28a and P28b) do not match very well, with red and blue colors not matching up at all. I would think that these samples should look almost identical, right? It also says that the preimmune serum is well segregated from the other samples, but it doesn't look to me any more different from the other samples than P28a looks from P28b.

We provided better explanations of the graphs and plots in the revised text. Poor matching of the blue and red is caused by inherent high noise of the method, however, despite the high noise, the samples are correctly clustered in the motif-based approach.

Minor Issues

1\) Comparing lines 128-129 with lines 165-166, you have two different things that are abbreviated as "PI" (post-infection and preimmune). One is labeled as lower case pi, while the other is uppercase PI, but I do think the letters should be different between the two abbreviations as well.

We removed "pi" as abbreviation for "postinfection" for the better clarity.

2\) On line 165, one of the day-14 samples is listed as Z28, instead of Z14.

This has been corrected. Thank you for catching it.

3\) On line 235, p\<0.01 should be p\<0.1.

We corrected the p-values accordingly.

4\) In the methods on line 321, it says that skin tissues that were collected at week 4 post infection show all culture-negative biopsies, but earlier, on line 221, it states that the day 28 skin biopsy of animal Z was still culture-positive.

Thank you for pointing this out. This has been corrected and clarified accordingly. Please see the text.

5\) The Ethics paragraph starting on line 383 is largely identical to the paragraph starting on line 404.

The Ethics paragraph starting on line 383 was removed. Thank you for pointing this out.

Responses to Reviewer \#2:

This manuscript describes the use of two methods employing phage displayed random peptide libraries coupled to Next Gen Sequencing (PDRPL/NGS) to examine antibody target epitopes in the context of Borrelia burgdorferi (Bb) infection. The authors use motif-based and unique sequence-based analyses of phage display library datasets to map the protective and non-protective antibody target epitopes in rabbits infected with Bb.

1\. The study is based on the premise that New Zealand rabbits can clear the Bb infection solely because of their protective antibodies (as opposed to humans). However, not enough evidence is provided to directly support this premise. For example, is it clear that the rabbit antibodies against the identified epitopes are more protective than human antibodies against Bb?

We agree with the reviewer and now we are contrasting the ability of NZW rabbit immune sera (not human sera) to prevent B. burgdorferi infection to anti-Borrelia mouse sera. Please see the respective change in the text.

2\. The manuscript does not seem to link the identified epitopes to any parent proteins in borrelia. This would be important and helpful information to include and discuss.

We fully agree with the reviewer that it is a logical next step of the work. However, given 1) that the focus of this manuscript is solely to compare the two methods in identifying discriminatory epitopes between the protective and non-protective sera; 2) that we used only limited number of peptides (n=1,000) rather than the all available peptides for this comparative analysis; 3) that mapping of identified epitopes/motifs is an extensive analysis in itself (due to the fact that mapping has to be performed to the entire proteome of B. burgdorferi); and 4) that we plan to do this mapping study by using the methods described in this work and utilizing the full data sets for the next manuscript; we would like to refrain from discussing this aspect in the current manuscript.

Finally, it is known that only about 10% of all antibodies recognize the linear epitopes that can be identified by sequence alignment. The majority of antibodies are against conformational epitopes or even against carbohydrate structures on the surface of cells and such identification is simply impossible. The identified peptides represent the mimotopes and if they are protective they can be used for vaccination without knowledge of their real target.

3\. The introduction discusses the advantages of PDRPL/NGS, but doesn't really mention the potential disadvantages and biases of the PDRPL/NGS approach in epitope mapping.

We expanded our discussion and included the comparing with the alternative method.

4\. There are some inaccurate statements concerning Lyme disease in the manuscript. For example, that "LD human patients, who have not been timely treated with antimicrobials \[46-51\], remain infected with the spirochete for life despite very strong anti-B. burgdorferi antibody responses". In fact, the majority of Lyme patients' infection resolves spontaneously even without antibiotics (refer to papers from A. Steere and others from the 80s and 90s). The paper can benefit greatly from further careful review to make sure the text is accurate and well-referenced with regard to statements about Lyme disease.

Although there is some evidence that B. burgdorferi can still persist in humans with Lyme disease symptoms even after antibiotic treatment (e.g., Middelveen MJ, Sapi E, Burke J, Filush KR, Franco A, Fesler MC, Stricker RB: Persistent Borrelia Infection in Patients with Ongoing Symptoms of Lyme Disease. Healthcare (Basel) 2018, 6(2)), we still see with the reviewer argument and hence rephrased the respective statement in order to avoid this highly controversial topic among the readers.

5\. The manuscript can also benefit from further editing for typos, grammar, and structure. There are many long and convoluted sentences that seriously reduce the readability of the paper.

We are sorry to hear that. Accordingly we worked on improving the readability of this manuscript.

Responses to Reviewer \#3:

The submitted manuscript \"Comparison of motif-based and unique sequence-based analyses of phage display library datasets generated by biopanning of anti-Borrelia burgdorferi immune sera\" is very interesting both from the theoretical and practical point of view. I recommend proceeding with publication process after minor revision.

There is an only minor correction which should be addressed

Minor revisions, recommendations

Line 75: protective epitopes -- authors should stick to protection-associated epitopes. Protective epitope should be isolated and proved in vivo.

This has been corrected. Thank you for pointing this out.

Line 154-155: Short notice describing both approaches in a few words should be included. There is mention about "the first approach" the second one follows much later but the text in between concerns both of them.

We corrected the text according to this recommendation.

Line 400: TBST is Tris-buffered with a tween. TBST is well-known abbreviations; moreover, it is explained in Material and Methods. There is no need to include it into the list.

Per your request, the abbreviation "TBST" was removed from the list.

The discussion should be rephrased more extensively

In discussion data obtained should be compared to other publications. It is not a summary of the results. There are some ideas what might be discussed or authors can find better topics: The methods used can be compared to other available data or previously published methods. The strengths and weaknesses might be described.

We corrected the revised text according to this recommendation

This would also be a good place to try to find out the identity of protein containing the epitope GLLQkpl if possible and to describe properties essential for "protectiveness" -- physiological function, expression pattern, accessibility for antibodies and so on. Or it would be possible to highlight other epitopes revealed by analysis even with lower significance especially when they might be mapped to known surface proteins.

We fully agree with the reviewer that it is a logical next step of the work. However, given 1) that the focus of this manuscript is solely to compare the two methods in identifying discriminatory epitopes between the protective and non-protective sera; 2) that we used only limited number of peptides (n=1,000) rather than the all available peptides for this comparative analysis; 3) that mapping of identified epitopes/motifs is an extensive analysis in itself (due to the fact that mapping has to be performed to the entire proteome of B. burgdorferi); and 4) that we plan to do this mapping study by using the methods described in this work and utilizing the full data sets for the next manuscript; we would like to refrain from discussing this aspect in the current manuscript. Finally, the epitope GLLQKPL may be the mimotope of the conformational epitope consisting of amino acids brought together on the surface of a protein by the pattern of protein folding.
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Dear Dr. Ionov,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Nicholas J Mantis

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#2: The authors have addressed the critiques from this reviewer.

The authors have addressed the critiques from this reviewer.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#2: Yes: Armin Alaedini
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